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I. INTRODUCTION AND SUMMARY 

. 

Under contract  NAS 9-6978 w e  have subjected 388 manned al t i tude 

fl ight records to a theoretical  ana lys i s  to determine those  parameters 

which a r e  important in the construction of decompression t a b l e s  for 

aerospdce per sonnei. T’ne flight records anaiyzed were generated by 

the  U. S .  Navy Air Crew Equipment Laboratory, Philadelphia, and  the 

U. S. Air Force School of Aerospace Medicine,  San Antonio, Texas. 

The partial pressure of inert gas dissolved in several  hypothetical  

body compartments w a s  computed and,  together with all  other ava i lab le  

pertinent flight and  subject  information stored on magnetic tape.  

information w a s  then correlated with the  incidence of decompression 

s ickness .  

r i sk  predictions could be developed for the  target  pressure range of 150- 

200 mm Hg.. 

f l ight records) 

mm Hg and  350-400 mm Hg. 

s i c k n e s s  could b e  developed for f l ights  in which both helium and  nitrogen 

were present in the body t i ssues .  

This 

For fl ights in which nitrogen w a s  the only inert g a s  present,  

Some r i sk  predictions (limited by the  number of ava i lab le  

could also be derived for target pressures  of 250-300 

No predictions of the r i sk  of decompression 

The a n a l y s e s  performed under the present contract  justify the expecta-  

t ions tha t  the  approach used by u s  is capable  of producing decompression 

procedures for t h e  safe a s c e n t  of aerospace  personnel from ground leve l  to 

al t i tude.  

a l t i tude f l ights  to a wide range of target pressures  with emphasis  on high- 

r i s k  flight profiles. 

strengthen the resu l t s  of the  present ana lys i s .  

in  particular, aid in the development of r i sk  predictions that  t a k e  into 

account  the duration of the alt i tude exposure and that  ref lect  t h e  severi ty  

To accomplish th i s  objective it is necessary  to ana lyze  additional 

In th i s  manner it w i l l  be possible  to refine and 

Additional a n a l y s e s  wil l ,  

nf r l m r n m n r n c m i n n  u b v v , L a y r b i r a L V l l  s i c k n e s s  which may be enc=unte:ed. 
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_____I-- EVALUATION OF FLIGHT PROFILES 11. 

A. Tonawanda I1 Model of Inert G a s  Transport 

A s imple mathematical model of inert g a s  t ransport  (Schreiner,  

1968) h a s  found ex tens ive  appl icat ion in our Laboratory for t he  computation 

of s u c c e s s f u l  decompression schedules  for  open sea d i v e s  to dep ths  as  great  

a s  700  feet. This model, des igna ted  "Tonawanda II",  perceives  of inert  gas 

4.--. L l U 1 1 3 p ~ r :  .. n - 
sumes tha t  t he  probability of a n  inert g a s  remaining in supersaturated solu- 

t ion  in the  t i s s u e s  is dependent on the magnitude of t h i s  supersaturdtion 

re la t ive  to the prevail ing ambient pressure.  

a s  being limited by tissiie perfusior; ( i ones ,  1350) It also a s -  

In Table I a r e  presented the  symbols which w e  u s e  to denote  

the  fac tors  tha t  en te r  into the  mathematical re la t ionships  which w e  have  

developed to desc r ibe  perfusion-limited t ransport  of iner t  g a s e s .  

1 is shown a schemat ic  overview of this transport .  

equi l ibrat ion of inert  gas par t ia l  pressure between blood and  a lveol i ,  t h e  

quant i ty  (volume, STP) of inert gas which a unit  volume of blood ca r r i e s  

In Figure 

Assuming complete 

a w a y  from the lungs per unit  of t i m e  is given by V - - Qff blood . P .  By 

t h e  same token,  if iner t  g a s  transport  to and  from the  t i s s u e s  is limited by 

perfusion, then o n e  must a s s u m e  equilibration of d i s so lved  inert  g a s  pdrtial 

p ressure  between capi l la ry  blood and t i s s u e .  

inert  gas carried away from a given t i s s u e  per unit of t ime by a unit  v o l i i m  

.- - TF Clearly,  then ,  the  change  per of blood is given by V 

unit  of t i m e  in volume ( S h )  of inert gas d isso lved  in a unit volume of t i s -  

sue is equa l  to t h e  difference between the  quant i ty  of lnert  gas  in t h e  

a r t e r i a l  blood enter ing the  t i s s u e ,  a n d  t h e  quant i ty  of inert  gas in the  

venous  blood leaving t h e  tissue, Le. 

IGa 

Hence the  volume (STP) of 

IG - Qff blood 



I 

'1  
1 

l E 

H 

- 3  - 

c, 

$ c 
U 

w 
0 
0 
k 
3 cn 
cn 
Q) 

& 
d 

d 
fd 

fd 
a * E  k 

t L G  
It It 

0 u 
a 
& is 

N s t :  
Q, c 

II U 8 
a cn 
fd 
a> 
k u c 
n 
w 
0 
Q, 

fd 
pc: 
c, 

c, c: 
fd 
c, cn c 
0 u - 

3 

II II II II II II 



I 
I 
I 
I 

c 
(3 
w c  > =  
0 

I 
1' 
I- 
II 
I 
1 
I 
I 
r 
I 
I 
I 
R 
I 
I 
I 
I 
I 

-4 - 

01, W 

:IF a d  
*U 

II 

e 

Figure 1 

Schematic Presentat  ion of Perfusion-Limited Inert G a s  Trans port 
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Since the volume of inert gas d isso lved  in a given t issur t  

IS (JlVeIl k)y 

= C Y  ' " 9  'IGt t i s sue  

equat ion (1) may be writ ten a s  

which  may be rearranged to yield:  

blood d r  
d t  - Q a t i s s u e  

CY 

( p -  - -  

which represents  t he  basic inert g a s  transport  equat ion.  This differentidl  

equat ion states tha t  t he  r a t e  of change of inert  g a s  partial  pressure d i s -  

solved in a given t i s s u e  is at all t imes proportional to the  difference be- 

tweeen  a lveolar  and  tis s u e  inert g a s  partial  pressure.  The proportionality 

cons t an t  Q D~~~~~~ represents  the spec i f ic  t i m e  cons tan t  k of inert gas 

transport .  

ident i ty  la ter  on, 

CY 

We sha l l  come back to the physiological  importance of th i s  

Figure 2 shows  t h e  inert g a s  transport  equat ion and  its 

gcrieral solution. 

define the f u n c  t ional re la t ionship  between the  a lveolar  inert gas pdr t i a l  

pressure P and time. If the rate of change  of P with t i m e  is constorit 

( including z e r o ) ,  a numerical solution may be simply obtained. With tliu 

(lid oi the  gas transport equat ion,  a n d  a knowledge of the  ini t ia l  v s l u e s  ni 

P a n d  TT I t  is therefore poss ib le  to compute t h e  inert  gas partial  pres:.ure 

To so lve  th i s  equation numerically, it is necessa ry  to 

TT 

f o r  whic-h t h e  w l u e  o f  k c a n  be determined or deduced from t h e  rdte  of , t : :  

perfusion and f r o m  its fat content .  This physiological  interpretation of the 

v d l u e  o f  k is i l lustrated in Table 11. Assuming tissue to c o n s i s t  of <i 

a t  a n y  t i m e  during l inear  or s tep-wise a s c e n t  or descen t  for a n y  tissuc 
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v(jriab1e mixture of fdt and water ,  and further assuming that the  soluhility 

of inert gases  in  blood is equal  to that  in water ,  the  spec i f ic  time constdrrt 

k (or half-time of inert gas transport, 

be derived from the  relative solubility of a n  inert g a s  in fat and  water ,  

and  from the  fat fraction x of a given t i s s u e ,  a s  long a s  the  ra te  of 

t i )  for a particular inert gas, can 

perfusion Q is known. Equation (4)  can  therefore be rewrit ten a s  fol lows:  

( P  - TF)  = k (P  - T). - - = Q  di-r 1 
dt  + (["fat '(Ywater 1 - 1) (5)  

Cer ta in  limits c a n  be set for t he  ra te  of perfusion and  the fat 

fraction of a t i s sue .  

fa t  and  water  is general ly  known with precision. 

assumed that  the  ra te  of perfusion in man r anges  from a minimum of 

The distribution coeff ic ient  of a n  inert g a s  between 

W e  have de l ibera te ly  

- 
0. 0085 min-l t o  a maximum which is greater  than 0. 3 min and  tha t  the 

f a t  f ract ion x of human t i s s u e  may range f rom 0 to 1. 0. Within t h e s e  

l imits i t  i s  poss ib le  to conce ive  of a n  infinite number of combinations of 

Q a n d  x , giving r i s e  to a n  infinite number of va lues  of k for a given 

inert gas .  

p ressures  d isso lved  in var ious gas  exchange units of the  human body it is 

sufficient to limit a t ten t ion  t o  the  combination of a f ew representa t ive  

values of Q and x e The Tonawanda I1 Model of inert g a s  transport  e m -  

ploys 15 s u c h  combinations as  outlined in Table 111. 

For the  purpose of following the  t i m e  cour se  of inert g a s  partial 

Since a s c e n t  t o  alt i tude is tantamount to saturat ion deconipres- 

sion after a "d ive"  to 7 6 0  mm Hg with a n  extended "bottom time" a t  t h i s  

p ressure ,  safe a s c e n t  from ground level  t o  a l t i t ude  i s  limited by the  speed 

with which the s lowes t  t i s s u e  units of the  body (mathematically representc t.i 

a s  t h e  compartment with the smallest  s p e c i f i c  t i m e  cons tan t  of inert gds 

transport)  is able t o  l o s e  gas  during (and af te r )  a s c e n t .  

Compartment 15 h a s  the  smallest specific t i m e  cons t an t  of inert gas fr:ins- 

port and is therefore considered t o  be ascent- l imit ing during decompression 

from saturat ion d ives .  

of 139 minutes for helium transport, and  of 416 minutes for nitrogen t ranspor t ,  

s i n c e  

In our m o d e l ,  

A s  s h m  n in Table I11 compartment 15 h a s  a half-tinic 
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fat cy (Y 

= 81.5  cy 
0.693 fat - 1 In 2 t - = -  - 

k 0.0085 'water water 2 

The alveolar  partial  pressure of nitrogen is related to the  

inspired partial  pressure of nitrogen, inspired fraction of oxygen, F IO 2' 

PT , respiratorir quotient,  R ,  and alveolar  P,, by the  alveolar  nitrogen 

equ&tion (Rahn a n d  Fenn, 1955) 
N b " 2  

The equation may be rewrit ten a s  

N2 

+ €3-47), 

where B represents  the  barometric pressure in mm Hg. By assuming s tan-  

dard va lues  of R (0. 8) and  of alveolar P (40 mm H g ) ,  equation (8) re- co2 
d u c e s  to 

FI ( B - 3 7 )  . 
N2 N2 

(9) 

Assuming tha t  the  alveolar nitrogen equation c a n  be applied 

to inert g a s e s  in general  ( F  = FI ) , combination of equat ions (5) and  
IG I 

(9 )  y ie lds  the expression N2 

1 
.. (F [B-37] - IT) 2 d . - Q  --_I_ 

dt  + ([a fat'" water 1 - 1) IIG 

which  w a s  used to compute inert gas partial  pressures  in t h e  15 gas exc:hc:.nye 

cornpatmerits of the  Tonawanda I1 model throughout e a c h  of 388 a l t i tude  

f l igh ts  ana lyzed  under Contract NAS 9-6978. 
-1 

For compartment 15 (Q =: 0. 0085 min , x = 1 ,  0 )  , equation 

( 1  0 )  reduces  to 
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CY 

(F [B-371 - IT). dn water 
dt fat 

= 0. 0085 Q 
- 

B. Computational Approach 

A data  record format for t he  treatment of the information sup- 

plied by the  fl ight records avai lable  for a n a l y s i s  was  se lec ted  with t h e  view 

of developing a decompression information system of sufficient capac i ty  

and flexibil i ty to meet not only the requirements of th i s  cont rac t  but also 

to meet a l l  foreseeable  requirements of the  National Aeronautics and 

Space  Administration for the  processing of decompression data .  This in- 

c luded both a codinq format to insure the  uniform handling of t h e  da ta  re- 

ce ived  and their  transcription unto da t a  s h e e t s ,  and a library record format 

for t he  comprehensive representation of the  r e su l t s  of our a n a l y s e s  on  

magnetic tape.  

The codinq format cons i s t s  of the  following elements:  

(a) Each subject  is identified uniquely by 5 d ig i t s  with 

the  f i r s t  two d ig i t s  identifying the  geographic location where the  da ta  w a s  

generated,  and the  last three digits identifying the  individual subjec t .  

(b) The physical  charac te r i s t ics  of each  subjec t  are coded 

Age, weight,  and height a r e  the  only physical and placed in external  file. 

cha rac t e r i s t i c s  reported for  a l l  subjec ts  whose  records were ava i lab le  to 12 .;. 

(c) 

(d) 

Each flight is identified uniquely by 5 digi ts .  

The da te  of each  fl ight i s  identified by 6 d ig i t s  ( d a y -  

month-year) s 

(e) The unit of t i m e  is one minute, t h e  unit of pressure is 

one  m m  Hg. 

( f )  The degree of act ivi ty  of each  subject  during e a c h  

a l t i t ude  decompression run i s  coded as  follows: 
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-1  no information 
0 no activity 
1 ac t iv i ty  but no exe rc i se  
2 light exe rc i se  
3 medium exe rc i se  
4 heavy exerc ise  

(9) The sever i ty  of physiological  s igns  and symptoms i s  

coded a s  follows : 

-1  no information 
0 no pain or discomfort  
1 forehead pain and  other t ypes  of discomfort  and/or 

pain not necessa r i ly  a s s o c i a t e d  with decompression 
sic kne ss  

2 pares thes ia ,  vasomotor abnormali t ies ,  sk in  r a sh ,  
blurred vis ion,  and  similar manifestat ions l ikely 
to be a s s o c i a t e d  with decompression s i c k n e s s  

3 slight discomfort or pain 
4 definite pain, s t e a d y  and moderate 
5 severe  pain 

The School of Aerospace Medicine employs a numerical grading 

sys tem to d e s c r i b e  t h e  sever i ty  of the  symptoms of decompression s i c k n e s s ;  

the  fl ight records generated by the Air Crew Equipment Laboratory contain 

en t r i e s  of the  s u b j e c t ' s  own charac te r i s t ics  of h i s  symptoms. 

therefore  necessa ry  t o  reconci le  these  two sys tems.  

troducing the  grading method outlined above. 

It  became 

This w a s  done by in- 

(h) The locat ion of physiological  s igns  and symptoms on 01 

A maximum of four different in the  human body is identified by four digi ts .  

loca t ions  may be identified simultaneously.  

The library record format spec i f i e s  t ha t  the  following irifor rria - 

t ion  i s  recorded a t  e a c h  pressure/t ime discont inui ty  and a t  e a c h  incident  

of decompression s i c k n e s s  with a code  of 1, 2, 3, 4 ,  or 5: 

Location 
S u b j ec t N um ber 
Date  
Flight Number 
Time 
Total Pressure 
Calculated Alveolar Partial Pressure of Each Inert G a s  

Breathed 
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Activity 
Physiological Signs and Symptoms 
Location of Physiological Signs and  Symptoms (Up to 

Four Locations) 

For each  of the  15 inert g a s  transport  compartments of the  

Tonawanda I1 model and for e a c h  inert g a s  the  following ca lcu la ted  infor- 

mation i s  recorded: 
rn .--.. n--- 1 n---- - I i aaue  r a i i i a i  r i e b b u i e  of Dissolved inert  G a s  ( P i  Value) 
Partial Pressure Minus Pi Value 
Pi  Value Minus Total Pressure 

For each  of 15 compartments, the  following ca lcu la ted  infor- 

mation is recorded: 

Sum of Pi Values 
Sum of Partial  Pressures Minus Sum of P i  Values  
Sum of Pi  Values Minus Total Pressure 
Sum of Pi  Values Divided by Total Pressure.  

Some comment concerning the  s ignif icance of th i s  information 

"Partial  Pressure Minus P i  Value" represents  the  'driving force '  is in  order. 

of exchange  of a particular inert gas.  If t h i s  quant i ty  is negat ive,  g a s  i s  

leaving the body; if i t  is posit ive,  inert g a s  is being taken up. "Sum of 

Pi V a l u e s "  denotes  the  to ta l  pressure exerted by two or more inert gases 

d isso lved  in  the t i s s u e s  a t  t h e  same t i m e .  "Sum of Partial  Pressures  Minus 

Sum of Pi Values' '  represents  the overall  (ne t )  driving force of the simul- 

taneous  transport  of two or more inert gases. "Pi Value Minus Total P r e s -  

su re"  represents  the relat ive saturation of a particular compartment w i t h  

all inert g a s e s .  If this va lue  is positive, supersaturat ion e x i s t s  and de -  

compression s i c k n e s s  may occur.  Relative inert g a s  saturation m a y  a l s o  

be expres sed  a s  "Sum of Pi Values Divided by Total Pressure,  'I also known 

a s  Ha ldane  Ratio, When expressed in th i s  manner, supersaturation exis?s 

if t h i s  ra t io  i s  greater than unity. 

A proprietary d ig i ta l  computer program w a s  used to  ca l cu la t e  

par t ia l  pressures  of inert g a s e s  dissolved in the  15 compartments of the 
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Tonawanda I1 model according t o  equation (10)  , and  to t ranscr ibe  t h e  

r e su l t s  of t h e s e  ca lcu la t ions  onto magnetic t ape .  A t  the  beginning of 

e a c h  f l ight ,  a l l  compartments were cons idered  to be equi l ibrated with 

nitrogen at a par t ia l  pressure of 0 .79  t imes  the  prevail ing barometric 

pressure.  All barometric da t a  needed to evaluate t h e  a l t i tude  decompres- 

sion records  originated by the  Air Crew Equipment Laboratory w a s  obtained 

from the U. S. Weather  Bureau in Philadelphia.  The pressure  va lues  ob- 

ta ined were  rounded off to the  nearest even mm Hg. 

The input da ta  for the c a l  

pressure,  t i m e ,  and  composition of the 

oxygen a lone  or in  combination with he 

tha t  adminis t ra t ion of t h e s e  gases took 

:ulat ions performed were  total 

breathing g a s  mixture. When 

i u m  w a s  breathed,  it w a s  assumed 

p laae  by mask in a n  a i r  environ- 

ment a t  ground leve l  or at a l t i tude.  

l eakage  w a s  a s sumed  to  produce a nitrogen level in t h e  inspired gas mix- 

ture equa l  to 2 per cen t  of the  total  pressure.  

In s u c h  in s t ances ,  a n  inboard nitrogen 

Additional proprietary computer programs used  in  the  cour se  

of t h e  present  s tudy  include: 

a program to print out a n y  spec i f ied  sec t ion  of a r e su l t  
t ape ;  

a program to  place the  phys ica l  cha rac t e r i s t i c s  of e a c h  
subject on t a p e ;  

a program to  perform correlat ive a n a l y s e s  of da t a  on 
"re sul  t 'I ta  pe s ; 

a program to  draw plots  of the  t ime cour se  of inert  g a s  
partial  p ressures  in  se l ec t ed  inert g a s  t ransport  
compartments; 

a program to draw plots  of maximum Haldane Ratios 
sustained in  all f l igh ts  a g a i n s t  weight  or  a g e  
of the  subjec t  wi th  e a c h  plotted point indicat ing 
decompression success or failure.  
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111. RESULTS AND DISCUSSION 

A. Test of t h e  Tonawanda II Model 

The following computations were carried out in order to d e -  

termine if t h e  Tonawanda I1 model of inert g a s  transport  is capable  of 

coiiei;iiy predicting tne incidence of decompression s i c k n e s s  in a l t i tude  

fl ight profiles on  the  b a s i s  of calculated inert g a s  tens ions  in the ascent- 

limiting compartment. 

Using equation ( 1  1) , the  t i m e  course  of the sum of inert 

gas partial p ressures  in compartment 15 was ca lcu la ted  in 1 2  simulated 

MOL profiles flown in a l t i tude  chambers a t  t h e  USAF School of Aerospace 

Medicine (McIver,  Allen, Beard, and  Bancroft, 1967) .  For e a c h  MOL 

profile, the m a x i m u m  Haldane Ratio (sum of Pi  va lues  divided by to ta l  

pressure,  c ~ r / B )  sus ta ined  w a s  recorded, a n d  all profiles ranked in order 

of increasing magnitude and  frequency of occurrence of t h i s  maximum 

Haldane Ratio. For example,  if a particular maximum relat ive supersatura- 

t ion w a s  encountered three times in a given MOL profile, w e  would judge 

t h i s  flight profile to be more prone to resu l t  in decompression s i c k n e s s  than 

if  t h e  subjec t  had been exposed to this high relat ive supersaturation only 

o n c e  or twice. 

Where more thar, one profile fell into one of t h e s e  gross  a n d  

admittedly arbitrary categories, we subclass i f ied  t h e s e  profiles further 

by noting differences in the second h ighes t  va lue  of Y n / B  a s s o c i a t e d  w i t h  

a given profile (Table IV) . 
On th is  b a s i s  w e  were a b l e  to rank the  1 2  simulated MOL 

profiles in terms of the relat ive severity of t h e  ep isodes  of supersatura- 

t ion a s s o c i a t e d  with each.  We then compared t h i s  ranking with the a c t u a l  

b e n d s  experience a s s o c i a t e d  with the 12  simulated MOL profiles ana lyzed  

(Table 1 ~ ) .  Inspec-  

t ion  of t h i s  figure shows tha t  except for profiles 2B and  2C the Tonawanda 

I1 model predicted t h e  re la t ive  hazards  of decompression s i c k n e s s  for a l l  

This compaiisoii is presented grapnicaiiy in Figure 3 .  
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other profiles with remarkable accuracy.  

Fiyure 3 is significant,  because  for both fl ights t h e  model erred on t h e  con- 

servat ive s ide ,  by predicting a greater re la t ive bends hazard than w a s  ac tua l ly  

encountered. 

The posit ion of fl ights 2B and  Z C  j i t  

This surprisingly a c c i ~ r a t e  predlctinr! nf the re!ative d e c s m p r z s s i ~ n  

hazard a s s o c i a t e d  with each  of the 12 flight profiles ana lyzed  is particularly 

remarkable s ince  the  ranking methods used were admit tedly crude. 

neither the  nature of the  inert gases  

the  t i s s u e s ,  nor the  total  pressure a t  which supersaturat ion w a s  sus t a ined ,  nor 

the  rate  of decay  of th i s  supersaturation w a s  taken  into considerat ion in  arrivirlq 

at the  predicted ranking. Also, we did not t a k e  into account  the  point of 

occurrence nor the  sever i ty  of the  reported symptoms, but merely coniputed the 

rat io  of the  number of reported incidences of decompression s i c k n e s s  t o  the  

number of sub jec t s  f ly ing  each  profile t o  arrive at the  ranking of a c t u a l  decom- 

pression experience.  Finally,  no at tempt  w a s  made to account  for changes  i n  

t he  va lue  of Q due  to exe rc i se  or the breathing of oxygen. 

On the  b a s i s  of these  r e su l t s ,  w e  proceeded t o  ana lyze  a total  

For example,  

( helium and/or ni t rogen)  d isso lved  in  

of 388 individual a l t i tude fl ight profiles in a s imilar  manner in order t o  der ive 

ascent - l imi t ing  condi t ions of dissolved t i s s u e  inert g a s  pressure for the develop- 

ment of safe decompression procedures for the  a s c e n t  of ae rospace  personnel to 

al t i tude.  

B. Analyses of 388 Fliqht Records 

A total  of 429 alt i tude decompression records were received 

from Manned Spacecraf t  Center  for a n a l y s i s  under th i s  contract .  

cords had been obtained in 7 2 alt i tude decompression chamber experimer4ts 

performed on 37 sub jec t s  by the  U. S. Navy Air Crew Equipment Lahorc4tcx-y at 

Philadelphia and  in 49 al t i tude decompression chamber experiments perfor rned 

on 17 sub jec t s  by t h e  USAF school  of Aerospace Medicine a t  Brooks A i r  1’ori.c. 

Base. Twenty-five of t h e s e  records were found to  lack e s s e n t i a l  information 

such  a s  d a t e  or subjec t  information. This information could not  be  retr ieved 

by the  Air  Crew Equipment Laboratory and the  fl ights a f fec ted  

These r e -  
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were dropped from considerat ion.  

and the  information entered on  punch cards .  On final inspect ion,  16 of 

these 404 records were found t o  be sufficiently def ic ient  in information 

content  to merit their  e l iminat ion;  the  remaining 388 fl ights were pro- 

cessed, the  r e s u l t s  t ranscr ibed onto magnetic t ape ,  and  subjec ted  t o  11 

correlat ive and  22 graphic computer a n a l y s e s .  

The remaining 404 records were coded 

The computer ana1yses’;performed on the processed  388 flight 

records represent  a process  of evolutionary refinement. 

a n a l y s e s  performed attempted to correlate decompression success with 

t h e  Haldane Ratios sus ta ined  in compartment 15 a t  t he  various pressure/  

time discontinuities of e a c h  flight, without regard t o  the  nature of the 

inert g a s  d isso lved  in the  t i s s u e s .  This did not produce conclus ive  resul ts .  

This approach w a s  refined in Analysis No. 4 where only the  h ighes t  Haldane 

Ratio sus t a ined  in  e a c h  flight w a s  used  a s  the  b a s i s  for correlat ion with t h e  

inc idence  of decompression s i ckness .  This is the  approach which w e  used 

in t h e  successful evaluat ion of the 12 MOL flight profiles to  t e s t  the  Tona- 

Wanda I1 model, and it proved to be fruitful aga in :  t he  inc idence  of decom- 

pression s i c k n e s s  increased with increasing max imum Haldane Ratio, except  

t ha t  an  abnormally low ra te  of incidence of decompression s i c k n e s s  in the  

Haldane Ratio range of 2. 21 - 2.40 w a s  noted. 

t h e  f l ights  which generated th i s  data. 

generated a t  the  Air Crew Equipment Laboratory, Philadelphia,  and w e r e  

f l ights  in  which helium w a s  not breathed. 

o n s e t  of bends symptoms in f l ights  in which helium is breathed (as shown 

by Analysis  No,  8 ) ,  i t  is log ica l  to a sc r ibe  to  sample b i a s  the  low inci-  

d e n c e  of decompression s i c k n e s s  in the  Haldane Ratio range of 2. 21 - 

2.40. 

The f i rs t  two 

Analysis No. 9 reviewed 

It developed that  t h e s e  fl ights were 

Consider ing the  rapidi ty  of 

Diving experience has  shown tha t  permissible  supersatura-  

t ion,  if expressed  a s  a rat io  of dissolved g a s  tens ion  to  total  p ressure ,  

varies with depth.  

cons iderably  in the  minimum total  pressure a t ta ined ,  it w a s  felt t o  be 

*The rat ionale  of t h e s e  a n a l y s e s  and their  over-all  r e su l t s  are presented 

Since the  fl ights ana lyzed  in the  present  s tudy varied 

in Appendix I1 t o  th i s  report. 
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cippropriate t o  base  further ana lyses  on  d isso lved  inert  g a s  tens ions  

cc~lculatecl  for compdrtment 15 within selected total pressure ranges.  

This w a s  done in Analysis Nos .  3 and  5,  and revealed highly s ignif icant  

dif ierences between the average  inert g a s  tens ion  in "hit" and  in "no hi t"  

f l ights  in  e a c h  of three total pressure ranges  examined. 

t h i s  approach turns out to be ser iously flawed by the  fact tha t  in "no h i t "  

f l ights ,  inert gas  tens ions  in  compartment 15 wi l l  continue to drop until  

t he  en t i re  programmed t i m e  at al t i tude h a s  e lapsed .  

ta t ion  of d isso lved  inert  g a s  tens ions  in f l ights  in which decompression 

s i c k n e s s  occurred is carried out only until  t he  f i r s t  reported symptoms, 

i t  is c l ea r  that  t he  average inert  gas  tens ion  at a particular t c t a l  pressure 

would obviously be higher in flights in which decompression s i c k n e s s  

occurred. This w a s  corrected in Analysis No. 6. Here,  a l l  helium f l ights  

were  eliminated to  avoid undue bias of t h e  sample,  s ince  helium f l ights  

tend to produce a more rapid onset  of decompression s i c k n e s s  than nitro- 

gen  f l ights .  Further, w e  elected to correlate  only the  h ighes t  ( that  is t h e  

in i t ia l )  nitrogen partial pressure in compartment 15 with s u c c e s s  and 

fai lure  of decompression. 

ini t ia l  nitrogen tens ion  in  e a c h  of three  pressure ranges  examined is higher 

for  f l iqhts  in which decompression s i c k n e s s  occurred than i n  "no hi t"  

f l ights .  

ranges  of 150 - L O O  mm Hg ( p  < 0.001)  and 350 - 4 0 0  mm Hg ( p  i 0. 05)  

111 Analysis  No.  7 the same correlation w a s  attempted af ter  reincorpordtiiio 

(111 h e \  tum fl ights into t h e  s t a t i s t i ca l  population. N o  s t a t i s t i ca l ly  s i y n i f i -  

In re t rospect  

S ince  the  compu- 

The resu l t s  of th i s  a n a l y s i s  show tha t  the  average  

This difference is s ta t i s t ica l ly  s ignif icant  for the  total  pressure 

r d n t  d i f fe rences  in the  average  init ial  (h ighes t )  total d isso lved  inert q-3 s 

t ens ions  in compcirtment 15 were noted. 

In Analysis No .  8 we at tempted to produce object ive support  

for t h e  subjective observat ion that  decompression s i c k n e s s  deve lops  more 

r a p i d l y  in helium flic$ts t han  in  nitrogen f l i gh t s .  We  arrayed all f l ights 

in t e r m s  of the computed average  rate of d e c r e a s e  in inert  g a s  tens ion  in 

conipdrtment 15 between arr ival  a t  a particular pressure and  the  o n s e t  of 

decompression s i ckness .  A s  expected,  t he  majority (30)  of a l l  4 2  heliunl 
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f l ights  in which decompress ion  s i ckness  w a s  repprted showed a m o r e  rapid 

gas loss from compartment 15 than all nitrogen f l ights  in  which decompres- 

s ion  s i c k n e s s  occurred. I t  should be noted t h a t  in all  f l igh ts  compartment 

15 a lways  contained nitrogen in  addition to helium, and  tha t  in most in- 

s t a n c e s  the computed nitrogen tension a t  the  o n s e t  of decompression s i ck -  

n e s s  w a s  greater  than  that of helium. 

.- 

The r e su l t s  of Analyses N o s .  7 a n d  8 point up  the difficulty 

in evdluat ing so-cal led helium f l ights  in which the  exposure t o  helium is 

not suff ic ient ly  long t o  produce only helium t ens ions  in the  ascent-limitincj 

t i s s u e s .  

f l igh ts  on  var iable  mixtures of nitrogen and  helium which can,iot be  treated 

on  t h e  same basis a s  Dure nitrogen f l i g h t s .  

w a s  to exc lude  a l l  helium f l ights  from further considerat ion and to con- 

cen t r a t e  on the development of ascent- l imit ing gas t ens ions  for nitrogen 

f l igh ts .  

d e t a i l  la ter  on in th i s  report. 

In Analysis  N o .  11 an  at tempt  w a s  made to determine individusl 

A s  far a s  compartment 15 is concerned,  s u c h  f l ights  represent  

Our approach  t o  th i s  dilemnia 

This w a s  done  in Analysis 10  which wi l l  be d i s c u s s e d  in greater  

suscept ib i l i ty  of individual subjects to decompression s i c k n e s s .  

qu ick ly  rea l ized  tha t  t h e  wide  var ie ty  of f l ight  profiles flown by  the  indi- 

v idua l  sub jec t s  made s u c h  a determination impossible  without giving con- 

s idera t ion  to  a reasonably  uniform t e s t  basis. Two graphic  d i sp l ays  were 

prepared by computer in a n  attempt to correlate  with a g e  and weight  dec:orrl-- 

p r e s s i o n  success or fa i lure  of e a c h  of 52  sub jec t s% for the  fl ight in w h i r t i  

the  h ighes t  Halddne Ratio w a s  sustained.  

t ions appeared t o  be ent i re ly  random in nature. 

transmitted t o  the Manned Spacecraft  Center .  

tioii weis chosen  s ince  the  deg ree  of supersaturat ion (Haldane Ratio) s u s -  

tained in e a c h  fl ight may be assumed to be a more important determinina 

fdc tor  in the production of decompression s i c k n e s s  than  ei ther  age 01 w c ~ i c ~ h l  

By se l ec t ing  a s  the  test b a s i s  for each  sub jec t  on ly  the most s t r e s s f u l  

decompress ion  s i tua t ion  (h ighes t  Haldane Ratio) sus t a ined ,  it could be 

It w a s  

The da ta  sca t t e r  for both correl(1 - 

This information h a s  been 

This particular da ta  presentIi  

-? For t w o  of the 54 sub jec t s  included in the  present  a n a l y s i s  (PH 0 3  and 
PH 2 3 )  weight  and  age da ta  were not ava i lab le .  
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1 P ~ ~ : ~ l ~ I l ~ l ~ J ~ y  csk)cc.tetl t h c i t  effects of age or weight ,  if present ,  w o u l d  l , r .  

r n o r i '  (-lecx-ly d iscern ib le .  This did not turn out to be the  case. 

Analysis No .  11 a l s o  afforded a n  opportunity to r e l a t e  t h e  

level  of exe rc i se  (ac t iv i ty)  with the suscept ib i l i ty  to decompression 

s i c k n e s s  of t h e  individiial siihjerts in this series- 

t he  r e su l t s  yielded n o  apparent  correlation. Detai led statistical t reat-  

ment of the da t a  did not s e e m  warranted i n  view of the  re la t ive ly  smal l  

number of Subjects ,  but more importantly because  of the  heterogeneous 

nature of the information (var ious types  of f l ight ,  var ia t ions  in a g e ,  

he ight  and  weight ,  and  presence or a b s e n c e  of he l ium) .  The effect of a 

s ingle  parameter such  a s  the  leve l  of ac t iv i ty  o n  decompress ion  success 

c a n  e a s i l y  be s tudied experimentally under condi t ions where all other  

important fac tors  which a f fec t  decompression s u c c e s s  c a n  b e  controlled.  

Given the nature  of the da t a  ava i lab le  for the  present  a n a l y s i s  it d o e s  

not seem poss ib le  t o  arr ive at a s ta t i s t ica l ly  val id  ex post  facto conclusiori  

concerning the effect of ac t iv i ty  on decompression s u c c e s s .  

Vis~a! i n s p e c t i ~ n  nf 

Analys is No. 10 represents  the  tabulat ion of all nitrogen 

f l iyh ts ,  a n d  the occurrence  among those  f l igh ts  of in s t ances  of decom- 

press ion  s i c k n e s s  of grade 2-5 a s  a function of the  computed m a x i m u m  

nitrogen tens ion  in compartment 15 a t  to ta l  p re s su res  of 150 - 200, 250 - 

300,  and  350 - 4 0 0  mm Hg. 

I t  I S  poss ib le  to find ranges  of 

decompression r i s k .  For example (see Appendix 11, Resul t s  of Analysis N ( i  

I O ) ,  there w e r e  a to t a l  of 24 fl ights to a to ta l  p ressure  of between 1 5 0  dn l i  

2 0 0  nini Hg i n  which the maximlim va lue  of TT I5N2 w a s  computed to fa l l  

between 190 and  2 1 0  mm Hg. 

press ion  s i ckness .  

of 100 sub jec t s  for whom a va lue  of TT 15N2 between 190 and 210 mm Hg 

c*iln he computed on arr ival  a t  150 - 200 mm Hg total pressure ,  wi l l  

deve lop  decompression s i c k n e s s  within two hours.  By t h e  same reason- 

ing,  the pprcentiige of r isk of decompression s i c k n e s s  c a n  b e  deterrnincxi 

for ranqes  qf total pressure  and  r 1 5 N 2  for  which suff ic ient  data i s  c.ivaiI'jtblc 

Within e a c h  of t h e s e  three pressure  ranges  

T T ' % ~  to which c a n  be a s s i g n e d  a particular 

Five of t h e s e  f l ights  resu l ted  in decom- 

Consequent ly ,  w e  can s a y  t h a t  o n  the  ave rage  2 1  out 
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for ~ i n a l y s i s .  It c a n  b e  seen t h c t t  

only tor t he  ta rge t  pressure range of 150-200 mm. Hg i s  there suf l ic ient  

datd on hand t o  cons t ruc t  a risk profile tha t  ranges  from no decompression 

s i c k n e s s  r isk t o  vir tual  cer ta inty of decompression s i c k n e s s  as  a function 

oi t h e  computed maximum nitrogen tens ion  in  compartment 1 5  on arr ival  at 

the target pressure.  

T h i s  w a s  done  a s  shown in  Table VI 

Significant da ta  for a s c e n t  to ta rge t  pressure:; of 

L o O - 2 5 0 ,  300-350, a ~ c !  t~ t h ~ ~  400 n;m. Hg is efiiirelji laekiiiij, aiiii 

for t h3  target pressure ranges  of 250-300 and 350-400 mm. Hg no l i iqt l  ( 1 6 . -  

c-ompression r isk da ta  could be obtained from t h e  388 flight records t h d t  

were  dnd1y~e.d.  In order to  provide t h i s  information it is recommendcd 

that a suhs tan t ia l  number of addi t ional  records of nitrogen f l ights  t o  tarcjt't 

p ressurcs  of more than 200 mm. Hg b e  ana lyzed .  

should be dis t r ibuted fairly equal ly  over  50 mm. Hg pressure  segments .  

Emphasis should be placed o n  fl ight profiles which have  produced a rcasc3rl - 

ably high r isk of decompression s i c k n e s s .  

T h e s e  target  pressurcs  

Given a particular target p re s su re  and  a computed m a x i -  

mum va lue  of n15 a t  t ha t  pressure,  t h e  r isk of decompression s i c k n e s s ,  
Nz 

a l l  o ther  factors  being equal ,  would depend upon t h e  duration of t h e  

ject's res idence  at  t h e  target pressure.  

l a rge  enough t o  ana lyze  t h i s  temporal a s p e c t  of decompression s i c k n c s : ; .  

It I S  possil)le, however, to  make cer ta in  g ross  c l a s s i f i ca t ions .  l'or ( ' x -  

c i t n i > l e ,  by c-oIlsider'ing only those f l ights  a s  " h i t "  f l ights  in which tlcc.c)iil - 

p r c s s i o n  s ic -kncss  orcur red  within a spec i f ied  t ime at t h e  target  prcshui t ' ,  

a new r i s k  l eve l  of decompression s i c k n e s s  can b e  computed for t hc  c v d 1  

iiation o f  f l ights  in which exposure to the  ta rge t  a l t i tude  is limited t o  

that  spec i f ied  1 i m e .  

Tahlc  VI p resume a n  e s sen t i a l ly  inf ini te  s t a y  at t h e  ta rge t  pressure .  

the. prcssuce range o f  150 -200 mm. Hg t h e s e  r i s k s  were  recomputc.rl t)y 

i-orisirierinq a s  I tno  h i t "  f l ights  a l l  t hose  f l ights  in which decomprc-ssion 

:;ic*kiic>ss occ-urrc:d more than  2 hr. a f t e r  arr ival  a t  t he  target  pressilrc.  

- 

T h e  sample  da ta  on hand is n o t  

T h e  r i s k s  of decompression s i c k n e s s  presented i i i  

l 'o i -  
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Eiving experience,  e spec ia i iy  by  the  United S ta t e s  Navy 

has shown tha t  cer ta in  l e v e l s  of ca l cu la t ed  tissue inert  g a s  t ens ions  are 

compatible  with safe a s c e n t  to sur face  pressure.  

Workman (1965) h a s  extracted a set of ascent - l imi t ing  helium and ni t ro-  

gen t ens ions  for seve ra l  body compartments. 

interpolation of t h e s e  da ta  it is poss ib l e  to a r r ive  a t  a n  ex tens ion  of 

t h e s e  a s c e n t  -limiting va lues  to  a l t i tude .  

d i sso lved  in compartment 15 are presented in Table IX. 

qu i te  high a s  compared to those  extracted by our current a n a l y s i s  of 388 

a l t i tudc  f l ights  (Table V I ) ,  It is therefore  obvious tha t  a l inear  extrapola  - 

t ion of ascent - l imi t ing  t i s s u e  tens ions  of inert  g a s e s  derived from diving 

exper ience  d o e s  not  lead  to fruitful r e s u l t s  in a s s e s s i n g  the  r isk of a l t i tudc  

decompression s i c k n e s s  

From th i s  exper ience  

By the  l inear  ex t r a -  and 

Values so obtained for nitroqcn 

T h e s e  va lues  arc’ 

Six a l t i tude  decompression profiles were  submitted by 1 ho 

Manned Spacecraf t  Cen te r  for an eva lua t ion  of the i r  potent ia l  r isk of df>  - 

c-omprcssion s i c k n e s s .  These  profiles are summarized in Table VII. MciL 

i i r i i i r r i  va1tit-s of TT” were  computed at e a c h  discont inui ty  of t h e s e  p ro t i  l f > . - ,  

arid the  L -hr. risk of decompression a s s o c i a t e d  with t h e s e  va lucs  at th f .  

total prc>ssure range a t  which they occurred w a s  determined from Tahlc. V I .  

‘The. r e su l t s  of th i s  evaluat ion are  presented in  Table VI11 

NL 

I t  i n ~ c ~ s s a r y  to recall that the  cr i ter ia  of d e c ~ m p r c s s i ~ ~ n  

s i c * k i i c s s  on which Analysis No. 10  is based  are broad and encompass a 

varicty o f  sulijec-tively fe l t  abnormalit ies (see page 1 2  for a definit ion 01 

yradcs  2 - 5  of decompression s i ckness )  This t ends  to produce a m t i c . h  
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hiqher apparent r isk of decompression s i c k n e s s  than would be encountcrccl 

i n  s i tu3 t ions  where t h e  sub jec t  may be reluctant to report even  s e v e r e  pain,  

such  a s  in decompression runs designed to determine continued f i t n e s s  to 

fly a military airplane.  D .  I .  Fryer (personal  communication) for example 

r epur i s  a 4% iriciderice of decompression s i c k n e s s  in  pi iots  so t e s t e d  b y  

exposing them to 28, 000 f t .  (246. 8 mm. Hg) for 2 hr. This profile en ta i l s  

a maximum value of n!? 

should resu l t  in a n  incidence of decompression s i c k n e s s  of a l l  grades of 

more than 3 1 % .  

iiitrogen f l ights  to a ta rge t  pressure of 250-300 mm. Hg shows  tha t  tho  

most s e v e r e  grade of decompression s i c k n e s s  reported w a s  3, defined a s  

s l igh t  discomfort  or s l igh t  pain. 

flying career is a t  s t a k e  would not readily report such  a to le rab le  symptom 

of decompression s i ckness ,  while a s u b j e c t  participating in a sc ien t i f ic  

experiment would be  posit ively motivated to d o  so. In t h e  a b s e n c e  of ob -  

j e c t i v e  means of a s s e s s i n g  t h e  presence  of decompression s i c k n e s s  with - 

out t h e  cooperation of t h e  subject d iscrepancies  such  as  t h i s  must be  ex- 

pected in  evaluat ing t h e  incidence of a l t i tude  decompression S ickness .  

On t h e  o ther  hand, computer a n a l y s e s  of addi t iona l  a l t i tude  fl ight records 

would create a body of da ta  suff ic ient ly  la rge  to develop decompression 

r i sk  l eve l s  differentiated by the seve r i ty  of t h e  symptoms tha t  are to hc 

t>xpec:ted, 

equal  to 580 mm. H a  which, acr-ordinq to Table \I! 
2 

Inspection of the  primary computer printout records of a l l  

It s eems  obvious tha t  a sub jec t  whose  

In  addition to t h e s e  e leven  computer a n a l y s e s ,  w e  pre - 

]lared graphic d i s p l a y s  of t h e  time course  of inert  g a s  t e n s i o n s  C C I I T ~ ~ U ~ U ~  

for -  compartments N o .  8, 9, 10, 11, 1 3 ,  1 4  and 1 5  of 2 0  a l t i tude  p~ofilc>:, ,  

e a c h  flown by two or more sub jec t s .  

t h e  Manned Spacecraft  Cen te r  together with a numerical  computer printoiIt 

o f  all ca l cu la t ed  and recorded information a s s o c i a t e d  with t h e  f l ights  

rcpresentcd hy t h e s e  20 profiles. 

numbers involved is presented a s  Appendix I11 to t h i s  report. 

r e s u l t s  of a l l  a n a l y s e s  conducted under Contract NAS9 -6978 are beinq 

This information w a s  submitted l o  

A list of t h e  chart ,  flight and subjec t  

T h e  dc.tailc.(i 
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retained by the  contractor.  

primary computer printouts or magnetic tape  records which is not pre-  

sented in  th i s  report can  be made ava i lab le  to the  Manned Spacecraft  

Center  on request .  Such requests  should be directed to: Dr. H. R. 

Information ava i lab le  on the  contractor 's  

8 c h i n  PT; R.P s 5 r ~ h  S perl~i s or, U 2 C J rbid e C crpc ~t i ~ f i ,  L e 

Division Research Laboratory, P. 0 Box 44, Tonawanda, N Y. 14150; 

telephone (716) 877-1600, Ext. 8073. 
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TABLE VI 

Risks of Decompression S ickness  of Grade 2 -5  

a s  a Function of Computed Maximum Nitrogen 

Tension i n  the SIc?west Gas  T r a n s p ~ r t  Cempartment 

of t h e  Human Body (n15 ) 
Na 

(Interpretation of the Resul ts  of Analysis No.  10)  

Range of 
Target Pres sure Maximum 
Range (mm. HCJ) nI5 (mm.Hq) 

-N2 

350-400 0-565 
565-582 

250-300 0 -41 5 
415-425 
455 -467 

150 -200  0-190 
190-21 0 
225 -240 
240 -295 
305-425 
425 -465 
465-480 

Percent Risk of 
Decompression 

S ic  kne  s s 

0 
11 

0 
1 3  
31 

0 
21 
25  
33 
36 
41 
8 5  

Percent Risk of 
Decompression 

Sickness*  

0 
21 
2 5  
29 
36 
35 
8 -3 

jC With t h e  onse t  of symptoms occurring within 2 hr. a f te r  arrival 
a t  p ressure  range shown. 
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TABLE VI1 

Altitude Decompression Profiles Submitted by t h e  

Manned Spacecraf t  Center  for Evaluation of Their 

Potential  Risk of Decompression S i c k n e s s  

C a s e  1 Two hours pre-oxygenation a t  760 mm.  Hg followed by 
a s c e n t  in  one  minute to 181 mm. Hg, and r e s idence  a t  
t h i s  pressure for two hours  whi le  on 100% oxygen. 

C a s e  2 Three hours pre-oxygenation at 760 mm. Hg. followed 
by a s c e n t  in  one  minute to  181 mm. Hg, and r e s idence  
at th i s  pressure for two hours  whi le  on 100% oxygen. 

Case 3 Four hours  pre-oxygenation a t  760 mm. Hg followed by 
a s c e n t  in o n e  minute to 181 mm. Hq, and r e s idence  a t  
t h i s  pressure  for two hours  whi le  on 100% oxygen. 

Case 4 Three hours pre-oxygenation at 760 mm. Hg, sh i f t  to 
60% oxygen, 40% nitrogen followed by ascent in  o n e  
minute to 258 mm. Hg, and r e s idence  at t h i s  pressure  
for 4 hr.  Shift to 100% oxygen, a s c e n t  to 181 mm. Hg 
in  one  minute, and r e s idence  at  t h i s  pressure  for 2 hr. 

C a s e  5 Four hours pre-oxygenation a t  760 mm. Hg, shif t  to 
45% oxygen, 55% nitrogen followed by a s c e n t  in 1 min. 
to 481 mm. Hg, and r e s idence  a t  t h i s  pressure  for 3 hr. 
Shift to 100% oxygen, a s c e n t  to 181 mm.  Hg. in  1 min . ,  
and r e s idence  a t  this  pressure  for 2 hr. 

Case 6 Residence a t  1452 mm. Hg for 2 4  hr. breathing 20% 
oxygen, 80% nitrogen, followed by  a s c e n t  to 760 mm. Hg 
in  1 min . ,  and res idence  a t  t h i s  pressure  for 2 hr. W i t h -  
o u t  shift in g a s  mixture, a s c e n t  to 564 mm. Hg in 1 min. 
followed by residence a t  t h i s  pressure  for 2 hr .  
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TABLE VI11 

l'rcdictcti Risk of Llecompression S ickness  of Grade L - 5  

Lssocia ted  With Six Altitude Decompression 

Profiles Submitted for Evaluation* 

Target 
Pres sure 

C a s e  No .  (mm Hq) 

1 181 

2 181 

3 181 

4 

5 

258 
181 

481 
181 

6 564 

Maximum 
nFz at 
Target Percent Risk of 
Altitude Decompression 
(mm Hq) Sickness** 

470 83 

426 35 

387 36 

427 
315 

388 
350 

1029 

13 
36 

0 
36 

'' See  Table VI1  

'w With the  onse t  of symptoms within 2 hours af ter  arrival a t  
tamt pressure  shown. 

'"'* Workman's a s c e n t  - l imi t ing  nitrogen partial  p ressure  (M va lue)  
extrapolated t o  546 mm Hg is equal  to 946 mm Hg (see Table IX). 
On th is  b a s i s  C a s e  6 should be a s s o c i a t e d  with cons iderable  risk 
of decompression s i ckness .  
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TARTX TX 

Suggested Ascent -Limiting T i s s u e  Nitrogen Tensions 

for Compartment 15 Extrapolated From 

Workman's (1965) Diving Data  

Target Pressure 
(mm Hq)  

760 
710 
660 
610 
56 0 
510 
460 
410 
36 0 
310 
260 
210 
160 

Suggested Maximum d5 N2 (mm Hq) 

1152 
1100 
1049 
998 
9 46 
89 5 
844 
79 2 
741 
69 0 
638 
587 
5 36 
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Term 

'I C le a n I '  

I '  C 1 e a n  I' f 1 i ght 

Discont inui ty  

Fl ight  

Flight charac te r  

Flight number 

Haldane  Ratio 

"Hit  'I 

"Hit  I '  fl ight 

H it " s c ere 

APPENDIX I 

Glossary  of Terms 

Definit ion 

Symptoms of decompress ion  s i c k n e s s  not  reported by 
the  sub jec t  

The in i t ia l  portion of a fl ight prior to t h e  f i r s t  report of 
symptoms of decompression s i c k n e s s  by the  sub jec t  

Every abrupt  change  in total pressure  or composi t ion 
of inspired gas  during a f l ight  

The tissue course of total pressure and  inspired gas 
composi t ion to which a given individual  sub jec t  is 
expo sed experimentally 

A given flight is character ized a s  e i ther  a "no hi t"  or 
a "hit" flight, depending o n  whether o r  not  symptoms 
of decompression s i c k n e s s  were reported by the  subject .  
A "no h i t "  flight is cons idered  "c lean"  throughout; a 
"h i t "  flight i s  cons idered  "c lean"  unt i l  t h e  f i r s t  report 
of symptoms of decompression s i c k n e s s  by the subjec t  

A 5-digit  ident i f icat ion of a n  a l t i tude  f l ight  by one  
individual subjec t  

The s u m  of d isso lved  inert  g a s  par t ia l  p ressures  cal- 
cu la ted  for a particular hypothet ical  t i s s u e  compartment 
divided by t h e  total pressure 

Symptoms of decompression s i c k n e s s  reported by t h e  
sub jec t  

A f l ight  i n  which symptoms of decompression s i c k n e s s  
were reported by  the  sub jec t  

The severi ty  of reported symptoms of decompression 
s i c k n e s s  (or the i r  a b s e n c e )  expres sed  a s  "grades I' 
ran ging f r o m  - 1 to t 5 .  For grading cr i ter ia  see text. 
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I 
"No Hi t "  f l ight  A fl ight i n  which no symptoms of decompression 

s i c k n e s s  were reported by the  subject .  

Sigma Pi 15 ( C r 1 5 )  The sum of d isso lved  iner t  gas partial  p ressures  
ca lcu la ted  for t he  15th hypothet ical  t i s s u e  compart- 
ment of the Tonawanda I1 G a s  Transport Model (see 
textj 

Subject  ident i f ica-  
t ion 

A 3-digit unique ident i f icat ion of each  sub jec t  pre- 
ceded by 2 d i g i t s  identifying the geegraphic  locat ion 
where  da t a  w a s  generated 

Supersaturat ion A condi t ion in which the  ca lcu la ted  total pressure  of 
a l l  inert  g a s e s  d i s so lved  in one or more body c o m -  
partments exceeds  the  barometric pressure to which 
the  sub jec t  is exposed .  

Target Altitude 

Target Pres su re  

The a l t i tude  a t ta ined  by a given flight. 
on the  flight profile, there  may be more than  one  
target al t i tude for a given fl ight.  

Depending 

The total pressure prevail ing at t h e  target a l t i tude .  
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APF’CNDIX :I 

Object ives  and Results of Eleven Computer Analyses 

of 388 Altitude Flight Records 



NAS 9-6978 

Analysis No.  1 

Object ive:  
tissue compartment during each flight with reported decompression 
s i c k n e s s  ( ' 'hi t") .  

Correlate  ranges of Haldane Ratios sus ta ined  in t h e  15th 

Execution: 
and list for e a c h  range those  flights in which a ratio falling within tha t  
range occurred in the  15th compartment.  Show the number of s u c h  occur-  
rences  in each  range. For each range, list the  identification numbers of 
those  fl ights in  which decompression s i c k n e s s  had not developed at t h e  
t ime a given ratio w a s  sustained ("c lean"  f l ights)  and, separa te ly ,  t hose  
of ' 'hit" f l ights.  Flights which were  "c l ean"  when a particular ratio w a s  
sus ta ined ,  but which subsequent ly  became ' 'hit" f l ights a r e  t o  be  marked 
by an a s t e r i sk .  The ratios are to  be tabulated (by identifying flight num- 
ber, each  fl ight number consti tuting one entry) up to and including t h e  
f i rs t  report of a "hi t"  (see definition below).  
only one "hit" reported in  each "hit" flight. 

Se l ec t  s eve ra l  ranges of Haldane Ratios (in units of 0. 5) 

Accordingly, there  wi l l  b e  

Definition: "Hit"  fl ights a r e  considered "c l ean"  until the  first  report 
of a "hit" s co re  of 2 or higher, except tha t  if t h e  h ighes t  "hi t"  s co re  
a t ta ined  throughout t h e  flight is 2, t he  flight is considered to b e  a ''no 
h i t "  flight. 

For each  ratio range l i s t  to ta l  number of fl ights,  number of ' 'hit" f l ights 
and percentage of "hit" flights. 



' I  
Haldane Ratio 

Range 

I 
I 

* see definit ion.  

I 
I 
I 
I 
I 
1 
I 
I 
I 
I 
I 

0 - 0.50 

0 .51  - 1.00 

1. 01 - 1 .50  

1 .51  - 2.00 

2. 01 - 2.50 

2.51 - 3 .00  

NAS 9-6978 

Resul ts  of Analysis  No. 1 

Total Number 
of Fliqhts 

212 

34 0 

28 1 

383 

121 

5 5  

Number of Fl ights  Resulting in  "Hits"  
of Grade 3-5* 

Number Per Cent  

1 0.472 

7 2. 059 

58 20.641 

5 1  13. 316 

48  39.669 

8 

17 3 

- 14. 545 



NAS 9-6978  

Analysis N o .  2 

I 
I 

II I 

Objective: 
tissue compartment during each  flight with reported decompression 
s i c k n e s s  \ 111~1. 

Correlate  ranges  of Haldane Ratios sus t a ined  in t h e  15th 

I I , ,  I .I 

Execution: 
and list for each  range those  flights in which a ratio falling within that  
range occurred in the  15th compartment. 
r ences  in e a c h  range. 
of those  fl ights in which decompression s i c k n e s s  had not developed at 
t h e  t i m e  a given ratio w a s  sus ta ined  ( "c l ean"  f l ights)  and,  separately,  
t hose  of "hit" f l ights.  Flights which were  ' 'clean' '  when a par t icular  
ratio w a s  sus ta ined ,  but  which subsequent ly  became "hit" f l ights a r e  
t o  b e  marked by an  a s t e r i sk .  
fying flight number, e a c h  flight number const i tut ing one entry) up t o  and 
including the  first  report of a " h i t "  ( s e e  definition below).  Accordingly, 
there  wi l l  be  only one  "h i t "  reported in e a c h  "hi t"  flight. 

Se l ec t  s eve ra l  ranges of Haldane Ratios (in units of 0. 5) 

Show the  number of s u c h  occur-  
For each range, l i s t  the  identification numbers 

The rat ios  a r e  to be  tabulated (by identi-  

Definition: 
of a "h i t "  score of 3 or higher, except  tha t  i f  t he  h ighes t  "h i t "  s co re  
a t ta ined  throughout t he  fl ight is 3 ,  t he  flight is considered to be  a 
"no hi t"  flight. 

"Hit" fl ights are considered "c l ean"  until the  first  report 

a 
I 
i 
Il 
I 
I 
I 
I 
I 
I 

For each  ratio range list to ta l  number of fl ights,  number of "hit" f l ights 
and percentage of "hi t"  flights. 
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Haldane Ratio 
Ranqe 

0 - 0 .50  

0 .51  - 1.00  

1 .01  - 1 . 5 0  

1 .51  - 2. 00 

2. 01 - 2 .50  

2.51 - 3 .  00 

NAS 9-6978 

Resul ts  of Analysis  No. 2 

Total Number 
of Fliqhts 

27 1 

34 8 

29 3 

37 8 

117 

5 4  

Number of Flights Resulting i n  "Bits" 
of Grade  4-5*  

Number  Per Cen t  

0 0 

7 2.011 

36 12. 287 

31 8 .201 

29 24.786 

5 9. 259 

108 

* see definit ion.  
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NAS 9 -6978 

Analysis No. 3 

Objective: For each  of severa l  ranges  of total pressure,  determine 
correiation between charac te r  of fl ight ("clean,  '' "no hi t ,  i' or " h i t " j  
and sum of inert g a s  pressures  ca lcu la ted  for 15th t i s s u e  compartment 
at each  discontinuity.  

Execution: For each  50-mm. Hg range of total pressure,  compute the  
average ,  minimum and maximum va lue  of En l5  at each  discont inui ty  
for a l l  "no h i t "  f l ights,  all ' 'clean" fl ights,  and a t  t h e  moment of t h e  
first ' 'hit" report. In t h i s  categorization, each  discont inui ty  in  each  
fl ight is a s soc ia t ed  with a calculated va lue  of E IT 15. 

En15 ca lcu la ted  at t h e  moment of t he  first "hit" report is t h e  f inal  
C ~ r 1 5  da ta  point generated by a "hi t"  flight. Accordingly, there  is only 
one  "hi t"  value of L: 1 ~ 1 5  s t a t ed  for each  ' 'hit" flight. 

The value of 

In e a c h  pressure range a l s o  show t h e  number of da ta  points  giving rise 
to t h e  average  va lues  of Zv15 l is ted.  Use  ' 'hit" definit ion of Analysis 
No.  1. 
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Analysis N o . 4  

Objective: 
c~i i ip~i l"L~iei1i  wi i i i  report of decompression s i c k n e s s  ("hi t") .  

Correlate  h ighes t  Haldane Ratio sus t a ined  in  15th t i s s u e  

Execution: Array alj  f l igh ts  i n  terms of increas ing  maximum Haldane 
Ratio sus t a ined  in  15th compartment; Ifidicate f e r  each flight the maxi- 
mum " h i t "  s co re  a t ta ined .  Sub-array a l l  f l ights into d i sc re t e  ranges  
of m a x i m u m  Haldane Ratio sus ta ined  and determine for each  such  range 
t h e  total number of f l ights ,  and number of f l ights  in  which "h i t s "  were  
reported, according to the i r  score.  Develop t h i s  information and per- 
cen tage  of incidence for " h i t "  scores 2-5 ,  3 - 5 ,  4-5, and 5. 

I 
I 
I 
I 
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Ranqe* __ 

1.41-1.60 

1.61-1. 8 0  

1.81-2.00 

2.01-2.20 

2. 21-2.40 

2.41-2.60 

2.6 1-2.80 

2.81-3. 00  

NAS 9-6978 I 

Resul ts  of Analysis No. 4 

of Fliqhts 

86 

126 

54 

17 

53 

27 

24 

1 

388 

- 

u m 3 - j  7 - c  Inr \  

28 (33 )  22 

67 (53)  58 

28 (52)  26 

11 (65) 10 

23 (43) 2 1  

20 (74) 18 

21 (87) 17 

1 1 

199 (51)  173 

- - 

Haldane Ratio Total Number Number of Fliqhts Resultinq in  "Hits"  of Grade: m & 5 m 5 m  
(26) 11 (13)  4 (5) 

(46) 4 0  (32)  12 (10) 

(48) 16 (30) 6 (11) 

(59) 4 (24)  o ( 0 )  

(40) 14 (26)  5 (9) 

(67) 10 (37)  4 (15)  

(71) 12 (50) 4 (17) 

1 0 
- - 

(44) 108 (28) 35 ( 9 )  

* Maximum Haldane Ratio sustained during fl ight i n  15th compartment. 
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Analysis N o .  5 

Objective: 
on hand,  determine the  diffsrence, and t h e  s t a t i s t i ca l  s ign i f icance  of 
th i s  difference in average  values of 2 715 between ''no hi t"  f l ights and 
all fl ights in which a "hi t"  was  reported. 

For each  range of total  pressure for which sufficient da ta  is 

Execution: For the  ranges of 150-200, 250-300, and 350-400 mm. Hg, 
determine for each  discontinuity the  va lue  of Z 1 ~ 1 5  for all "no hi t"  f l ights 
and for a l l  f l ights in which a "h i t "  w a s  reported (according t o  the  defini-  
t ion of Analysis N o .  1 ) .  Compute the  minimum, maximum, and average  
va lue  of C ~ ~ 1 5  for both types  of fl ights and t h e  t va lues  (Student 's  t for 
unpaired va r i a t e s )  a s s o c i a t e d  with the  differences between the  average  
2 vi5 va lues  in each  pressure  range. 
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Analysis No. 6 

0 b ject ive : 
i s  on hand, determine the difference and the s t a t i s t i ca l  s ignif icance of 
th i s  difference in the  highest  value of I T "  

For e a c h  range of total  pressure for which siifficiefit data 

between "no h i t "  f l ights  and 
a l l  f l ights  in which a "hit" w a s  reported. N2 

-- Execution : For the  ranges of 150 - 200, 250 300, and 350 4 0 0  m m  
Hg, determine the  highest  value of the ca lcu la ted  d isso lved  nitrogen pres- 
sure  in the 15th t i s s u e  compartment ( T  l5 

for e a c h  nitrogen flight. 
IT per flight and pressure range. Eliminate from consideration all 
flj.g%fs in  which helium w a s  breathed. 
and average  of the  highest  values  of IT l5 

"hit" w a s  reported (according to the 
and in  all "no hi t"  f l ights.  Also compute the t va lues  (Student 's  t for 
unpaired var ia tes )  a s soc ia t ed  with the differences between the average 
highest  r15 values  in each  pressure range. Disregard all ca lcu la ted  
va lues  of N 2  IT l5 obtained after the f i rs t  report of a "hit" as  defined 

) experienced at any  discont inui ty  
Thus there w i l l N 2  be only one  s ta ted  value of 

Compute t h e  minimum, max imum,  
in  all f l ights  for which a 

N 2  definit ion of Analysis No.  1) 

by Analysis  No.  1. N2 
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Analysis No. 7 

0 bject ive : 
is C)T? hsr,d, determine the di i ierence in the  n ighes t  value of CTT 15 and the  
s ign i f icance  of th i s  difference between "no hit" f l ights and  all  fl ights i n  
which a "hi t"  w a s  reported. 

For e a c h  range of total  pressure for which suf f ic ien t  da ta  

Execution: For the  ranges of 150 - 200, 250 - 300, and 350 - 4 0 0  
mm Hg, determine the  h ighes t  value of ZIT 15 experienced at a n y  d iscon-  
t inuity within a given pressure range for e a c h  helium flight. 
wil l  be only one s ta ted  va lue  of C TT 15 per flight and pressure range. 
Eliminate from considerat ion a l l  f l ights in  which helium w a s  not breathed. 
Compl te the  minimum, maximum, and  average  of the  h ighes t  va lues  of 
ZIT ,5 in all f l ights  for which a "h i t "  w a s  recorded (according to t h e  def i -  
nition of Analysis No. 1) and in all "no h i t "  f l ights.  Also compute the  t 
va lues  (Student's t for unpaired va r i a t e s )  a s s o c i a t e d  with the  d i f f e  e n c e s  
between the  average  h ighes t  2 TT 15 va lues  in  e a c h  pressure range. Dis-  
regard all  ca lcu la ted  va lues  C IT 15 obtained af ter  a "hi t"  as def ined by 
Analysis No. 1. 

Thus there 
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Analysis No. 8 

Object ive : Correlate  t h e  rapidity of o n s e t  of pain-type decc.;.;.,p:css;o~ 
s i c k n e s s  with the  rate  of inert gas  loss from the 15th t i s s u e  compartment. 

Execution : 

reported. 
immediately preceding the  ins tan t  of t he  "hi t" .  
between TIT 15 a t  the  l a s t  discont inui ty  and at  the  o n s e t  of the  "hit" by 
the  time e lapsed  At between these  two  events .  
( ind ica t ing  g a s  u p t a k e )  show its negativity. Print ou t  a l l  flight numbers 
arranged 1.n order of decreas ing  a s s o c i a t e d  va lues  of A2 IT 15/At; also print 
o u t  va lues  of  IT'^ 
"hit" of grade 3 N2 or higher. 

Se l ec t  all f l igh ts  resul t ing in h i t s  of grades  3 - 5. Deter- 
--... ,,,;,,e the rilnning time a t  the  ins tance  a hit  of grade 3, 4 ,  or 5 is f i r s t  

Then determine the  value of YIT 15 a t  the  last discont inui ty  
Divide the  difference 

If t h i s  ra t io  is negat ive 

and  IT l5 a t  t he  l a s t  discont inui ty  and a t  t he  f i rs t  
He 
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Analysis No. 9 

0 bj ect ive : 
incidence of decompressinn s i c k n e ~ c  for f!ir;hts with a ;.;;aximum ~ s k j a i i z  
Ratio in  the  range of 2. 21 - 2 . 4 0  as  shown by Analysis No. 4. 

To asce r t a in  the r e a s o n s  for t h e  abnormally low ra t e  of 

Execution: 
2. 21 a n d  2 .40  w a s  a t ta ined ,  print ou t  t he  following information: 
Number, Maximum Haldane Ratio ( in  increas ing  order) , to ta l  pressure,  
subjec t  identification number, and max imum grade of "hit" reported for 
t h e  flight. 

For all f l ights  in which a maximum Haldane Ratio between 
Flight 



~~ 

NAS 9-6978 

Results of Analysis  No. 9 

Flight No.  

25219 
2507 1 
25 i 24 
25 25 8 
25238 

25009 
25044 
25 126 
25220 
25 26 0 

25210 
25 24'7 
25030 
25 020 
25 007 

25 139 
25 204 
25 196 
25088 
25 07 5 

25 17 1 
25 03 2 
25049 
25189 
25 106 

25 162 
25163 
25022 
25057 
25081 

-- 75094 

25 178 
25 108 
25 279 
25 27 0 

Haldane  Ratio Total Pressure  Subject 
IdE?"t. Nc. 

2. 275 179. 34 PH 28 
2 .351  176. 86 PH 09 
2.355 176. 86 PH 13 
2. 355 176. 86 PH 33 
2. 355 176. 86 PH 30 

2. 369 180.44 PH 02 
2. 369 180. 38 PH 06 
2. 369 180. 89 PH 14 
2. 3,69 180. 89 PH 29 
2. 369 180. 89 PH 34 

2.373 181. 25 PH 27 
2. 375 179. 39 PH 32 
2. 375 179. 39 PH 05 
2. 375 179. 39 PH 03 
2. 376 179. 39 PH 01 

2. 376 179. 34 PH 15 
2. 376 179. 34 PH 26 
2. 376 179. 34 PH 25 
2. 379 178. 88 PH 11 
2. 379 178. 88 PH 10 

2. 379 178. 88 PH 20 
2. 379 178. 88 PH 05 
2. 379 178.62 PH 07 
2. 379 178.  6 2  PH 2! 
2. 379 178. 6 2  PH 1 2  

2. 379 178. 6 2  PH 19 
2. 379 178. 68 PH 19 
2. 379 178.  68  PH 04 
2. 379 178. 86 PH 07 
2.379 178. 86 PH 10 

2. 37? 178. 86 PH 11 
2. 379 178. 86 PH 20 
2. 380 179. 97 PH 12 
2. 380 179. 97 PH 36 
2. 380 179.97 PH 35 

Maximum Grade 
-6 u:+ 
V I  & A L L  
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25 155 
25 280 
25 27 2 
25 0 29 
25 195 

25 160 
25 170 
251 15 
25 096 
25 22  1 

25 08 3 
25 148 
25058 
25 29 0 
25 09 7 

25038 
25 05 0 
25161 

2. 381 
2. 381 
2. 381 
2. 381 
2. 381 

2. 381 
2. 381 
2. 381 
2.381 
2. 382 

2. 382 
2. 382 
2. 382 
2. 382 
2. 382 

2. 382 
2. 386 
2. 387 

- 2- 

180. 6 0  
180. 6 0  
180. 6 0  
180.44 
180.44 

180. 44 
180.44 
180. 38 
180. 38 
182. 33 

182. 33 
182. 33  
182. 33 
182. 33 
182. 33 

182. 51 
178. 17 
180. 38 

PH 18 
PH 36 
PH 35 
PH 04 
PH 24 

PH 18 
PH 19 
PH 12 
PH 11 
PH 29 

PH 10 
PH 17 
PH 08 
PH 37 
PH 11 

PH 05 
PH 07 
PH 18 

4 
0 
4 
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Analysis No. 10 

Object ive : 
sus ta ined  in  e a c h  range of to ta l  pressure for which sufficient da t a  
is on hand. 

To assess the  distribution of maximum va lues  of rTT5 iu' 2 

Execution: 
nitrogen pressure in the  15th t i s s u e  compartment (TT l5 

at a n y  discont inui ty  or a t  t he  moment of the  first  
for e a c h  nitrogen flight. Eliminate from considerat ion a l l  f l ights  i n  
which helium w a s  breathed. In each  of the  following three pressure 
ranges  (150 - 200, 250 - 300,  and 350 - 400 mm Hg) tabula te  the  va lues  
of r" 
the  cha*acter of the  flight ( "h i t "  or "no h i t " ) .  
sus t a ined  within the  pressure range for which the  tabulat ion is made, 
show the  'hit" score  a s  we l l .  
no t  occur  in  the  pressure range for which the  tabulat ion is made, show 
t h e  to ta l  pressure at which the  first h i t  w a s  reported. 

Determine the  highest  value of ca lcu la ted  d isso lved  
) experienced 

N2 reported "hi t"  

in  increasing order of magnitude, and ind ica te  for e a c h  en t ry  
If t h e  f i rs t  "hit" w a s  

If t he  f i rs t  "hit" of a "hi t"  f l ight did 

N 
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Results of Analysis No. 10 

A. Pressure Range 400 - 350 mm Hg 

KO. of Fl ights  with  15 
Tr -- 

N2 "Hits"  of Grade 
2 - 5  

0 - 565 0 
565. 1 - 570 3 
570. 1 - 575 3 
575. 1 - 582  2 

8 
- 

B. Pressure Range 300 - 250 mm Hg 

'iota i Number 
of Fl ights  

i 2  
18 
31 
27 

88 
- 

12 
30 
61  
88 

No. of Flights with Total Number 
"Hits"  of Grade of Fl ights  

Tr l5 
N2 

2 - 5  

0 - 415 0 
415. 1 - 420 1 
420. 1 - 425 0 
455. 1 - 460 17 
460. 1 - 465 6 
465. 1 - 467 2 

26 

C. Pressure Range 200 - 150 mm Hg 

Cumuiative Totai 
No. of Fl ights  

3 
6 
2 

4 2  
:4 
4 

9 1  
- 

Tr l5 No. of Flights with Total Numb 
"Hits"  of Grade of Fl ights  N2 

7 - G  

58 
185. 1 - 190 
190. 1 - 195 
205. 1 - 210 
225. 1 - 230 

23Q 1 - 235 
235. 1 - 240 
240. 1 - 245 
250. 1 - 255 
260. 1 - 265 

r 

Cumulative Total  
No. of Fl ights  

3 
9 

11 
53  
87 
91  

Cumulative T o ~ l  
No. of Fl ights  

1 
0 
3 
2 

10 

0 
2 
0 
0 
2 

2 
14 
14 
10 
24 

3 
22 

3 
3 

21 

2 
16 
30 
4 0  
64 

67 
89 
9 2  
95 

116 
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Analysis No.  I 1  

Object ive : 
s i c k n e s s  with maximum Haldane Ratio sus ta ined .  

To correlate  individual suscept ib i l i ty  to decompression 

Execution : 
Haldane F.atio sus ta ined .  
f l ight (omit all f l ights  during which helium w a s  b rea thed) .  

t if ication Number, Maximum Haldane Ratio Sus ta ined ,  Maximum Hit 
Grade Sustained,  Y e s  or No statement concerning in-flight exe rc i se ,  
total  number of nitrogen fl ights of t h e  subjec t ,  number of nitrogen "hit" 
f l ights (definition of a n a l y s i s  1) of subjec t ,  and rat io  of "hit" f l ights 
to to ta l  f l ights ( a l l  nitrogen) of subject. 

Arrange all nitrogen fl ights in order of decreas ing  maximum 
Print out the fc!l~wing ir,fcrmation for each 

Running Number (1,  2, . . . ) , Flight Number, Subjec t  Iden- 
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R e s u l t s  of Analysis No. 11 

(Summary) 

Subject  Identification No. 

PH 1 
P H  2 
PH 3 
PH 4 
PH 5 

PH 6 
PH 7 
PH 8 
PH 9 
PH 10  

PH 11  
PH 1 2  
PH 13  
PH 14 
PH 15 

PH 16 
PH 17 
PH 18 
PH 19 
PH 20 

PH 21 
PH 22  
PH 2 3  
PH 24 
PH 25 

PH 26 
PH 27 
PH 28 
PH 29 
PH 30 

PH 3 1  
PH 32  
PH 3 3  
PH 34 
PH 35 

Incidence of Decompression 
S ickness  (Grades 2 - 5) 

5/6 
1 /6 
0/4 
4/7 
6/12 

1 /5 
5/9 
7 /8 
3/9 
4/13 

7/18 
2/10 
2/9 
5/7 



. 

I 
I 

PH 36 
PH 37 
SA 38 
SA 39 
SA 4 0  

SA 4 1  
SA 4 2  
SA '13 
SA 44 
SA -!5 

SA 46 
SA 47 
SA 4 8  
SA 49 
SA 5 0  

SA 5 1  
SA 5 2  
SA 53 
SA 54 

I 
I 



APPENDIX I11 

. 
I 

Chart, Flight, and Subject Numbers Involved in  t h e  
Graphic Analyses of 20  Flight Profiles Prepared 

for t h e  National Aeronautics and Space  Administration, 
Manned Spacecraft  Center  Under Contract  NAS9 -6978 

Chart  No. 

1 

Fliqht No. 

25- 24 1 
25- 14 1 
25-213 
25-239 

25 - 054 
25-167 
25- 193 
25-026 

25 - 207 
25-199 
25-134 
25-002 

25-201 
25 - 004 
25-209 

25-123 
25-257 
25-237 

25-206 
25-198 
25-001 

25-242 
25-214 
25- 142 
25-240 

25-006 
25- 138 

25- 200 
25-135 
25-208 
25-003 

Subject  No. 

PH 32  
PH 16 
PH 28 
PH 31 

PH 7 
PH 19 
PH 24 
PH 4 

PH 27 
PH 26 
PH 15 
PH 1 

PH 26 
PH 1 
PH 27 

PH 13  
PH 33 
PH 30 

PH 27 
PH 26 
PH 1 

PH 32  
PH 28 
PH 16 
PH 31 

PH 1 
PH 15 

PH 26 
PH 15 
PH 27 
PH 1 



-2- 

. 
I 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

25-3 35 
25-350 

25-337 
25-359 

25-322 
25-360 

25-345 
25-321 

25-396 
25-389 

25-383 
25-338 

25-369 
25-33 1 

25-336 
25-401 

25-368 
25-4 03 

25-370 
25-332 

25-305 
25-310 

SA 44  
SA 46 

SA 44 
SA 47 

SA 4 2  
SA 47 

SA 45 
SA 4 2  

SA 53 
SA 5 2  

SA 50 
SA 44  

SA 4 8  
SA 43 

SA 44 
SA 54 

SA 48 
SA 54 

SA 49 
SA 44  

SA 4 0  
SA 4 1  
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Jones, H.B.  
Respiratory System: Nitrogen Elimination. 
in: Medical  P h y s i c s  2: 855-871, ed.  0. Glasser ,  
Chicago: Yearbook Publ., 1950. 

McIver, R. G . ,  T .  A. Allen, S. E. Beard and R. W.  Bancroft 
Bends in  Simulated Extra Vehicular Activity, 
In: Lectures in  Aerospace Medicine,  February 1967, 
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